In this study, by controlling the Electronic Expansion Valve opening, the influence of wet compression on a heat pump system was experimentally investigated in different heating conditions. The results demonstrate that the discharge temperature decreased and the mass flow rate increased, due to quality of the rising liquid droplets. It was also found that the heating capacity and power input of wet compression increased more than that of dry compression, with a superheat of 10 • C. The maximum COP (Coefficient of Performance) exists at a specific quality of ca. 0.94 to 0.90, as the power input in the region of wet compression is proportionally larger than the increase in the heating capacity, according to the decreasing quality. When the Entering Water Temperature of the Outdoor Heat Exchanger was 10 • C, 5 • C, and 0 • C, the COP increased by a maximum of ca. 12.4%, 10.6%, and 10.2%, respectively, in comparison to the superheat of 10 • C. In addition, the superheat at the discharge line is proposed as a proper controlling parameter to adjust the quality at the suction line, by varying the opening of the expansion valve during wet compression.
Introduction
Due to its high efficiency and performance, a heat pump is commonly used as an energy-saving residential heating and cooling unit, and is being consistently developed for the improvement of system components, the optimization of configuration, and the control of the systems.
Generally, a heat pump has a dry compression cycle, where the irreversibility exists by a superheated refrigerant entering the compressor inlet [1] . However, some heat pump systems, such as a fixed orifice expansion valve, can occasionally run vapor-liquid compression due to charge balancing factors. The vapor-liquid compression in a heat pump system is called wet compression, which brings it closer to the Ideal Carnot Cycle for a pure refrigerant and closer to the Lorenz Cycle for non-azeotropic refrigerants, because the irreversibilities caused by vapor superheating during compression are prevented. It was shown that the advantage of a wet compression cycle offers the highest possible efficiency for thermodynamic cycles operating between two temperatures with a heat sink and heat source [2, 3] . While some earlier works [4, 5] showed improvements in the isentropic and volumetric efficiency of the compressor, they did not recommend using wet compression due to the following possible dangers. Firstly, wet compression may cause an abrupt increase of pressure at the cylinder head, which may damage the valve or cylinder. Another risk is the acceleration of the wear, because the droplets of liquid wash the lubricating oil from the walls of the cylinder [6] . In fact, the destructive increase of cylinder pressure during wet compression can only occur when the vapor quality is under 0.4 at the compressor inlet, but this condition is rare [7] . In addition, the accelerated wear of a cylinder could be reduced by fully evaporating the droplets of liquid during compression [8] . Thus, the number of liquid droplets and a finite time required for heat transfer during compression, are considered to be important for preventing an abrupt increase in the pressure and a greater wear of the cylinder. Sami et al. [9] reported that a 5% liquid injection at the compressor inlet enhances the performance of a heat pump. Cho et al. [10] reported that the liquid refrigerant injection, under a low speed, increases the leakage between scroll wraps, but is very effective under a high speed. In general, for improving the performance and extending the operating range of the heat pumps, the wet compression injected refrigerant at the compressor inlet has been frequently used with a complicated injection circuit, in order to decrease the discharge temperature of the compressor inlet in severe climatic conditions [11, 12] . R32, which is a recent potential substitute for R410A, shows a higher discharge temperature of the compressor when compared to R410A, which is a main factor that can reduce the operating range of the heat pumps [13] . If the injection cycle is used for R32 in extending the operating range, it may experience difficulties during the operation, due to the low mass flow rate and the small molecular weight, which increase the internal leakage in the compressor, causing a reduction in the performance of the compressor. These problems could be solved by wet compression, which could decrease both the internal leakage and the discharge temperature during compression. Instead of adopting a complicated injection circuit for this purpose, the Electronic Expansion Valve (EEV) could be used to obtain the wet refrigerant state of the compressor suction, by controlling the EEV opening; this alternative motivated the present study. Due to its wider working range, higher control accuracy, and fast response, the EEV could be more popular in heat pump applications [13] . It could also be implemented in a much simpler configuration in the heat pump system, with an accurate control of the wet refrigerant state at the compressor inlet.
In this paper, based on the considerations discussed above, we experimentally investigated the influence of wet compression with a suction side cooled compressor through the EEV control on the performance of a 3.5 kW heat pump system, with a focus on the heating application at different outdoor temperatures. The effects of wet compression on the performance of the heat pump system were investigated and discussed, with respect to the refrigerant quality at the compressor inlet. In addition, the superheat at the discharge line was discussed as a controlling parameter for adjusting the quality at the suction line, by varying the opening of the expansion valve during wet compression. Figure 1 shows the schematic diagram of a heat pump system with a rated heating capacity of 3500 W and a power input of 1270 W, in accordance with the ISO 13256-2 [14] . The working fluid adopted was R32 (Sanowart, Zibo, China), which is a potential substitute for R410A. The system consists of a hermetic rotary compressor (LG, Seoul, Korea), two plate heat exchangers (Danfoss, Nordborgvej, Denmark) working as the condenser and the evaporator, respectively, and an electronic expansion valve (Sanhua, Hangzhou, China) with a step motor. Detailed specifications of the major components of the tested heat pump system are provided in Table 1 .
Experimental Setup and Test Procedure
The condenser was cooled and the evaporator was heated by circulating water, which was kept at a given temperature by two thermostats. The entering water temperature of the indoor heat exchanger (EWT of ID HEX) (Danfoss, Nordborgvej, Denmark) was set at 40 • C, according to ISO 13256-2 (14) , and the water flow rate through the condenser and ethanol flow rate through the evaporator were measured by a turbine flow meter (Autoflow, Seoul, Korea) at a fixed rate of 0.6 m 3 ·h −1 . The test condition of the heat pump system is presented in Table 2 . Step (pulse): 2000 Orifice diameter: 1.4 mm The experiment was first performed at a fixed superheat of 10 °C, which was controlled by the EEV (Electric expansion valve) with the PID controller (Sanhua, Hangzhou, China). Then, in order to obtain the wet refrigerant state at the compressor inlet, the EEV opening was manually increased from the EEV opening position, corresponding to the given superheat. During the test, the temperature, pressure, mass flow rate, and power input of the heat pump system were recorded and monitored through the data acquisition system for 40 min, with an interval of 2 s. For the validation of the energy balance between the water and the refrigerant side, the water heat capacity was calculated by the water flow rate and the water temperature difference between the inlet and the outlet, and the refrigerant heat capacity was calculated by the enthalpy difference between the inlet and the outlet of the condenser. Both were in good agreement, within ±5%. The measurement accuracies and specifications of the sensors are summarized in Table 3 . The uncertainties of the heating capacity and Coefficient of Performance (COP) were estimated by single-sample analysis, according to ASHRAE (American Society of Heating, Refrigerating, and Air-conditioning Engineers) Guideline 2 [15] , and were considered to be ca. 6.3%. Step (pulse): 2000 Orifice diameter: 1.4 mm The experiment was first performed at a fixed superheat of 10 • C, which was controlled by the EEV (Electric expansion valve) with the PID controller (Sanhua, Hangzhou, China). Then, in order to obtain the wet refrigerant state at the compressor inlet, the EEV opening was manually increased from the EEV opening position, corresponding to the given superheat. During the test, the temperature, pressure, mass flow rate, and power input of the heat pump system were recorded and monitored through the data acquisition system for 40 min, with an interval of 2 s. For the validation of the energy balance between the water and the refrigerant side, the water heat capacity was calculated by the water flow rate and the water temperature difference between the inlet and the outlet, and the refrigerant heat capacity was calculated by the enthalpy difference between the inlet and the outlet of the condenser. Both were in good agreement, within ±5%. The measurement accuracies and specifications of the sensors are summarized in Table 3 . The uncertainties of the heating capacity and Coefficient of Performance (COP) were estimated by single-sample analysis, according to ASHRAE (American Society of Heating, Refrigerating, and Air-conditioning Engineers) Guideline 2 [15] , and were considered to be ca. 6.3%. 
Results and Discussion

Estimation of Quality
While estimating the state of the refrigerant at the compressor suction by the EEV opening control in a heat pump system, it is assumed that the capacity of the water and refrigerant side is equal, and that the refrigerant, through the expansion valve, is under a constant enthalpy process without experiencing a throttling loss, implying that the expansion process results in no heat loss. For the validation of the energy balance between the water and refrigerant side, the mass flow rate of the refrigerant was calculated by the water capacity and the enthalpy difference between the evaporator inlet and outlet. The error was confirmed between the calculated mass flow rate and the measured mass flow rate at the condenser outlet. As shown in Figure 2 , the results were in good agreement, within ±5% for the entire experimental range. The quality (x) at the compressor suction was calculated using Equations (1)- (5), as follows:
.
where h o,evap. is the local specific enthalpy of the fluid (single phase or two-phase) at the compressor inlet, and h l,sat. and h g,sat. are the saturated liquid and vapor enthalpies, respectively. Thus, 0 < x < 1 (h l,sat. < h o,evap. < h g,sat. ) is in the two-phase compression region (called wet compression), whereas
) is in the superheated compression region (called dry compression). Figure 3 shows the quality as a function of the EEV opening at a different entering water temperature of the outdoor heat exchanger (EWT of OD HEX). With an increase in the EEV opening, the quality decreased for all EWT of OD HEX, until it remained nearly constant at larger openings, depending on the EWT of OD HEX. The increase in the EEV opening results in an increase in the refrigerant flow rate, leading to a larger capacity of the refrigerant side than of the water side. Thus, because of the increase in the liquid droplets, the state of the compressor inlet varied to two-phase mixtures, with a quality lower than one. The slope of quality decreased gradually, owing to the decrease in the pressure difference between the high and low pressure side, by increasing the EEV opening. The quality remained constant after a specific EEV opening, namely the EEV openings of 35%, 30%, and 25% for the EWT of OD HEX at 10 • C, 5 • C, and 0 • C, respectively. Generally, if the system works at a constant superheat, it has to decrease the mass flow rate to meet the required superheat, as the evaporator capacity decreases with a decrease in the EWT of OD HEX. Thus, the quality decreased with a decrease in the EWT of OD HEX, for the same EEV opening (see Figure 3) .
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System Performance According to Quality Variation
Generally, compared to the conventional R410A, the internal gas leakage of a compressor increases, because the molecular weight of R32 is small. It leads to a reduction in the performance of the compressor. Furthermore, the reliability of a compressor can be decreased by a high discharge temperature. In order to analyze the effect of vapor-liquid compression on the compressor performance in different operating conditions, the volumetric and isentropic efficiencies were calculated as follows:
The volumetric efficiency (ε ) is given by Equation (6) .
where is the mass flow rate, is the compressor displacement, ρ is the density of the refrigerant, and is the compressor speed.
The isentropic efficiency (ε ) is given by Equation (7).
where ℎ , is the isentropic discharge enthalpy, ℎ is the suction enthalpy, ℎ is the discharge enthalpy, and is the compressor power. Figures 4 and 5 show the volumetric and isentropic efficiencies of the compressor as a function of quality for different EWT of OD HEX. As the quality decreased from SH 10 °C to the values of wet 
The volumetric efficiency (ε v ) is given by Equation (6) .
where .
m is the mass flow rate, .
V d is the compressor displacement, ρ is the density of the refrigerant, and v is the compressor speed.
The isentropic efficiency (ε s ) is given by Equation (7).
where h 2,Isen is the isentropic discharge enthalpy, h 1 is the suction enthalpy, h 2 is the discharge enthalpy, and .
P is the compressor power. Figures 4 and 5 show the volumetric and isentropic efficiencies of the compressor as a function of quality for different EWT of OD HEX. As the quality decreased from SH 10 • C to the values of wet compression, the volumetric efficiency consistently increased up to ca. 0.9, due to the increasing mass flow rate, and then decreased with a decreasing quality. When considering the isentropic efficiency, it increased up to the maximum value at a quality of about 0.95, as the rise of the compressor power is smaller than that of the ideal power, owing to the rise of the mass flow rate. It then decreased with a decreasing quality.
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(a) (b) Figure 10 . Suction and discharge pressure in the compressor as a function of quality for different EWT of OD HEX: (a) suction pressure; (b) discharge pressure. Figure 11 shows the variation in the heating capacity as a function of quality for different EWT of OD HEX. When the EWT of OD HEX increased, the heating capacity increased as the refrigerant mass flow rate increased. It increased with respect to the decreasing quality, due to the increasing mass flow rate. Due to the loss of the mass flow rate caused by a back flow of liquid refrigerant into the suction chamber mentioned above, the heating capacity rapidly decreased under a quality of 0.91, 0.88, and 0.84 for EWT of OD HEX at 10 °C, 5 °C, and 0 °C, respectively. Due to the larger increase in the mass flow rate, the slope of heat capacity, with respect to the quality, was steeper when the EWT of OD HEX increased. When the EWT of OD HEX was 10 °C, 5 °C, and 0 °C, compared to that of SH 10 °C, the heating capacity increased by a maximum of ca. 21%, 23%, and 22%, respectively. Figure 11 shows the variation in the heating capacity as a function of quality for different EWT of OD HEX. When the EWT of OD HEX increased, the heating capacity increased as the refrigerant mass flow rate increased. It increased with respect to the decreasing quality, due to the increasing mass flow rate. Due to the loss of the mass flow rate caused by a back flow of liquid refrigerant into the suction chamber mentioned above, the heating capacity rapidly decreased under a quality of 0.91, 0.88, and 0.84 for EWT of OD HEX at 10 • C, 5 • C, and 0 • C, respectively. Due to the larger increase in the mass flow rate, the slope of heat capacity, with respect to the quality, was steeper when the EWT of OD HEX increased. When the EWT of OD HEX was 10 • C, 5 • C, and 0 • C, compared to that of SH 10 • C, the heating capacity increased by a maximum of ca. 21%, 23%, and 22%, respectively. Figure 12 shows the power input as a function of the quality for different EWT of OD HEX. As can be seen from the figure, the power input remained almost unchanged during dry Figure 11 . Heating capacity as a function of quality for different EWT of OD HEX. Figure 12 shows the power input as a function of the quality for different EWT of OD HEX. As can be seen from the figure, the power input remained almost unchanged during dry compression in the range between SH 10 • C and a quality of one. On the other hand, due to the increasing liquid droplets at the compressor suction, the power input linearly increased with a decreasing quality during wet compression. Generally, the compressor power decreases with respect to the reduction in the discharge temperature of the compressor (Figure 8 ), as the process approaches the isentropic compression process. However, due to the increasing refrigerant inflow to the compressor, the compressor power increased, in spite of a decrease in the discharge temperature with quality during wet compression. In previous research, it was observed that the increasing number of liquid droplets results in a rise in the compressor load [21] . In Figure 12 , the power input rapidly decreased after the maximum value. This could be explained by the decrease in the mass flow rate by a back flow of liquid refrigerant into the suction chamber [5, 18] . In our study, when the EWT of OD HEX was 10 • C, 5 • C, and 0 • C, the power input increased by maximum of 10%, 12.7%, and 14.4%, respectively, when compared to that of SH 10 • C.
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11 of 14 Figure 14 shows the process line of the vapor-liquid mixture at a quality of 0.94 at a EWT of OD HEX of 10 °C, and compares it to that of SH 10 °C in a pressure-enthalpy diagram. The discharge temperature for a quality of 0.94 and SH 10 °C is 75 °C and 110 °C, respectively, with a difference of ca. 35 °C. As shown in Figure 14 , wet compression is located closer to the isentropic line in the diagram, indicating a higher COP than SH 10 °C. Compared to the value of SH 10 °C, the rate of the increase in the evaporating pressure is higher than that of condensing pressure, as wet compression with the condensing pressure for the latter is larger than that of SH 10 °C. This results in a decrease in the pressure ratio, leading to an increase in the mass flow rate for wet compression. The isentropic efficiency increased by ca. 5%, when compared to that of SH 10 °C. To sum up, an improvement in the performance of the vapor-liquid mixture compression on the heating capacity and COP was attainable and a drop in the discharge temperature was very effective. However, despite the reduction in the discharge temperature, the reliability of the compressor cannot be warranted, as the droplets of liquid during compression may wash the To sum up, an improvement in the performance of the vapor-liquid mixture compression on the heating capacity and COP was attainable and a drop in the discharge temperature was very effective. However, despite the reduction in the discharge temperature, the reliability of the compressor cannot be warranted, as the droplets of liquid during compression may wash the lubricating oil from the walls of the cylinder. However, the vapor-liquid mixture compression could be useful for performance improvement and a reduction in the discharge temperature, if the liquid droplets are fully vaporized by an internal heat transfer process that requires a finite amount of time [22] . Among the three most widely used positive displacement compressors (reciprocating, rolling-piston rotary, and scroll), the scroll compressor could also be appropriate for the wet compression technique, since the scroll compressor is less likely to have liquid slugging problems [4] . Thus, more extensive research, such as a durability test, is needed in this regard in the future.
Superheat at Discharge as a Controlling Parameter
In general, EEV varies to meet a specified superheat with a varying pressure and temperature at the compressor suction; however, when a two-phase flow (vapor phase and liquid phase) exists in the suction line of the compressor, the superheat is near zero (see Figure 15) . It is thus difficult to achieve the required quality, as a controlling parameter of the expansion valve causes the hunting of TXV (Thermostatic Expansion Valve) [23] . Figure 16 shows the superheat at the discharge line as a function of the quality of different EWT of OD HEX. The superheat at the discharge line is calculated by subtracting the saturation temperature corresponding to the pressure measured at the discharge line, from the temperature measured at the same place. The optimum quality is determined with the maximum COP, and it was ca. 0.94 to 0.90, when the EWT of OD HEX was 10 • C, 5 • C, and 0 • C, respectively. As shown in Figure 16 , the superheat at the discharge line was nearly constant, at ca. 22 • C. Therefore, from this result, the superheat at the discharge line could be proposed as a proper controlling parameter to adjust the quality at the suction line, by varying the opening of the expansion valve during wet compression; although, this requires a more extensive study to confirm the findings. 
Conclusions
In this study, in order to investigate the influence of wet compression on the performance of a heat pump system with a 3.5 Kw capacity, we performed an experiment under the ISO 13256-2 test conditions, varying the quality at the compressor inlet by controlling EEV, using R32 as the working fluid. The results demonstrate that the discharge temperature decreased and the refrigerant mass flow rate increased, due to the rising liquid droplets with respect to a decrease in the quality. The heating capacity increased with an increasing EWT of OD HEX and decreasing quality, due to the increasing refrigerant mass flow rate, while it decreased rapidly at a quality of 0.91, 0.88, and 0.84, for EWT of OD HEX at 10 °C, 5 °C, and 0 °C, respectively, due to the loss of the mass flow rate caused by a back flow of liquid refrigerant into the suction chamber. The power input remained almost unchanged during dry compression, while it increased with decreasing quality during wet compression, which was also due to an increase in the mass flow rate, and then sharply decreased due to the loss of the mass flow rate. When the EWT of OD HEX was 10 °C, 5 °C, and 0 °C, the power input increased by a maximum of 10%, 12.7%, and 14.4%, respectively, when compared to that of SH 10. The COP then increased from SH 10 °C until it reached a maximum value at a quality of ca. 0.94 to 0.90 in the two-phase mixture region, according to the EWT of OD HEX, and then decreased with quality. This indicates that the heating capacity consistently increases more than the power input with decreasing quality, until an abrupt decrease; following this, the power input in the region of wet compression is proportionally larger than the increase in the heating capacity, according to the decreasing quality. The maximum COP thus occurs at specific qualities, i.e., as mentioned above, ca. 0.94 to 0.90. When the EWT of OD HEX was 10 °C, 5 °C, and 0 °C, 
In this study, in order to investigate the influence of wet compression on the performance of a heat pump system with a 3.5 Kw capacity, we performed an experiment under the ISO 13256-2 test conditions, varying the quality at the compressor inlet by controlling EEV, using R32 as the working fluid. The results demonstrate that the discharge temperature decreased and the refrigerant mass flow rate increased, due to the rising liquid droplets with respect to a decrease in the quality. The heating capacity increased with an increasing EWT of OD HEX and decreasing quality, due to the increasing refrigerant mass flow rate, while it decreased rapidly at a quality of 0.91, 0.88, and 0.84, for EWT of OD HEX at 10 • C, 5 • C, and 0 • C, respectively, due to the loss of the mass flow rate caused by a back flow of liquid refrigerant into the suction chamber. The power input remained almost unchanged during dry compression, while it increased with decreasing quality during wet compression, which was also due to an increase in the mass flow rate, and then sharply decreased due to the loss of the mass flow rate. When the EWT of OD HEX was 10 • C, 5 • C, and 0 • C, the power input increased by a maximum of 10%, 12.7%, and 14.4%, respectively, when compared to that of SH 10. The COP then increased from SH 10 • C until it reached a maximum value at a quality of ca. 0.94 to 0.90 in the two-phase mixture region, according to the EWT of OD HEX, and then decreased with quality. This indicates that the heating capacity consistently increases more than the power input with decreasing quality, until an abrupt decrease; following this, the power input in the region of wet compression is proportionally larger than the increase in the heating capacity, according to the decreasing quality. The maximum COP thus occurs at specific qualities, i.e., as mentioned above, ca. 0.94 to 0.90. When the EWT of OD HEX was 10 • C, 5 • C, and 0 • C, the COP increased by a maximum of ca. 12.4%, 10.6%, 10.2%, respectively, when compared to that of SH 10 • C.
In summary, wet compression by controlling the EEV opening could provide an alternative solution for systems operating at a high compression ratio, as long as care is taken with regards to excessive liquid droplets, which may raise the load of the compressor. In addition, the superheat at the discharge line could be proposed as a proper controlling parameter for adjusting the quality at the suction line by varying the opening of the expansion valve during wet compression. 
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